Thermal expansion is an important design property of refractory materials. This property is a measure of the change in physical size of a material as it is heated. The magnitude of the thermal expansion partially determines the ability of solid bodies to withstand thermal shock. In applications where one body is constrained by another at high temperatures, it is necessary that their thermal expansion characteristics be similar. Thus, measuring thermal expansion of materials which are to be used as refractories is essential.
The purpose of this study was to measure the thermal expansion of the rare earth oxides yttrium sesquioxide, scandium sesquioxide, and gadolinium sesquioxide.
Yttrium sesquioxide (yttria) was chosen for investigation because of its high melting temperature of 24l0 0 C (1) and its very low thermal neutron cross section of 1.38 barns (1) . An anomaly in the heat content (2) and internal friction (3) at 1057 0 0 was also of inter~st.
Scandium sesquioxide (scandia) was chosen for investigation because it is the least dense of the rare earth oxides. It has a high melting temperature of 2300 0 C (4) and intermediate thermnl neutron cross section of about 23 barns (5).
Gadolinium sesquioxide (gadolinia) was selected for investigation because it has a very high thermal neutron cross section of 40,000 barns (6) and high melting temperature of 2350 0 C (6). Gadolinia exists in two crystallographic forms;
the cubic-to-monoclinic transformation occurs between 1250 0 and 1400 0 C and is irreversible (7) . Thermal expansion was measured on both crystallographic forms of gadolinia.
LITERATURE REVI~

Techniques of Measuring Thermal Expansion
The most common techniques used to measure thermal expansion of ceramic materials are interferometer, micrometer telescopes, high-temperature X-ray diffraction, and dilatometer.
These techniques for measuring thermal expansion are among those summarized by Hidnert and Souder (8) .
Interferometer technique Merritt (9) presented a detailed description of the interferometer technique and Wilfong ~~. (10) gave a concise summary of this technique as used in measuring the thermal expansion of rare earth oxides. Wilfong's apparatus employed two sapphire plates which were ground so the faces of each plate were inclined at a small angle. Three pyramidal specimens were placed between the plates and the assembly was supported inside a vertical tubular resistance furnace. Collimated monochromatic light illuminated the sapphire plates and the light reflected from the surfaces touching the specimens was observed with a telescope. The light from the faces of the plates which did not touch the specimens was reflected out of the field of vision. If twice the distance between the surfaces which touched the specimens (the path difference for reflected beams) was an integral number of wavelengths, the reflected light from these planes was in phase 'and a bright band was observed in the telescope. If the optical path difference was an odd number of half wavelengths, the reflected light was out of phase and a darlc. band was observed.
Bands of construotive and destructive interference traversed the field of view of the telescope as the furnace was heated and the specimens expanded. One bright band was observed for each half wavelength increase in specimen height.
Thus by knowing the initial length of the'specimens and by measuring their temperature with thermocouples, thermal expansion could be calculated by counting the number of bands.
The interferometer technique has the advantage that it may be used with continuous or stepwise heating of the specimens. Small specimens may be used, but there may be difficulty in getting them the same length and obtaining proper alignment of the interferometer plates. Both of these conditions are necessary in obtaining good interference patterns.
~ucromete~ telescope technique
The micrometer telescope technique of measuring the thermal expansion of materials has been described by Hidnert and Souder (8) . A 10 to 50 cm. specimen was positioned horizontally in a furnace such that thin refractory metal wires attached to its ends would hang through slots in the bottom of the furnace. Weights were attached to the wires and suspended in a liquid bath to dampen vibrations. Two "micrometer microscopes" were mounted on a horizontal comparator and positioned so that one wire could be observed in each microscope. The expansion of the specimen at each temperature Has determined by the increase in distance between the wires an shown on the micrometers.
A variation of this technique vlaS used by Nielsen and
Leipold (11) to measure the thermal expansion of yttria above 1000 0 C. A 3 inch specimen stood vertically in an induction furnace. The displacement of the specimen was observed with two "telemicroscopes" fitted t-lith filar micrometer eyepieces which were calibrated to an accuracy of ± 5 X 10-5 in.
optical pyrometers were used to measure the temperature.
High-temperature X-ra~ diffraction technique
The high-temperature X-ray diffraction technique was used by Stecura and Campbell (12) to measure the thermal expansion of rare earth oxides. Their diffractometer furnace was similar to one used by ~~uer and Bolz (13) . The heating element consisted of platinum-20 percent rhodium wire wound on an alumina core. The core was inserted in a mullite support tube which was surrounded by alumina insulating brick. The brick was cut so it fit snugly inside the furnace shell. A slot was cut through the brick, sample support tube, and winding core so that incident and diffracted beams were not obstructed. The specimen t.;ras held by an alumina sample holder positioned BO that the specimen surface was on the axis of the furnace. This allowed the incident b~am to focus on the specimen as the furnace was rotated. Linear expansion was calculated from the increase 1n lattice parameter at elevated temperatures.
Klein (14) used an adaptation of the diffractometer furnace designed by Chiotti (15) . The vacuum furnace element was a tantalum cylinder which was surrounded by three molybdenum heat shields. A longitudinal slot in the element and heat shields and a beryllium foil window in the fUrnace shell allowed the beam to enter and leave the furnace. A platinumplatinum rhodium thermocouple was used to measure temperatures over the appropriate range while an optical pyrometer was used at higher temperatures.
Several advantages of the X-ray diffraction tephnique of measuring thermal expansion have been given by }muer and Bolz Many other modifications of the dilatometer technique.
can be found in the literature (18 Table 1 were taken from the curve.
Fitzsimmons (19) used the micrometer telescope technique to measure the thermal expansion of yttria to 1550°0. A portion of the curve is shown in Figure 1 . The 4 in. long specimen had been sintered to 1620°0 and had 96.3% theoretical density.
The coefficients given in Table 1 were calculated from expansion data.
High temperature X-ray diffraction was used by Stecura and Campbell (12) to measure the thermal expansion of yttria.
The specimen was 99.9% pure with regard to rare earth content and had been fired 24 hours at 1250°0 then refired at 1350°0
for 12 hours. The coefficient from 0° to 1300°0 was reported as 8.9 X 10-6 in./in.oC. The coefficients given in Table 1 were calculated from expansion data taken from the expansion curve. The curve on Figure 1 'VIas plotted from thermal expansion data presented in a table.
To measure the thermal expansion of yttria below 1000 0 C, Nielsen and Leipold (20) used a fused-quartz dilatometer described by Duwez and Hartens (21) . The transducer consisted of a series of levers "lhich moved an electrical contact :.llong a slide l-lire. The location of the contact was transmitted electrically to a recorder. From 1000°0 to above 2000°0, Nielsen and Leipold (20) used the micrometer telescope technique in both oxygen and argon-hydrogen atmospheres without significant differences in results. Specimens of 99.5 to 99.8% pure yttria were pressed and sintered in air at 1700°0. The curve presented in Figure 1 was calculated from mean coefficients (the slope of the expansion curve at the center of a temperature interval) which were used as over-all coefficients. Thus the curve will be slightly low. The mean coefficients were used in Table 1 .
vlilfong et ale (10) measured the thermal expansion of --yttria with a sapphire interferometer. The curve of Figure 1 was plotted from expansion data of the first two runs reported.
The coefficient of expansion from 25° to 1000 0 C was 8.10 X 10-6 -/-°0 1.n. 1.n.
• Yttria specimens were dry pressed at 25,000 psi with 2 percent Varsol and 2 percent paraffin dissolved in benzene as binders. The compacts were sintered at 1800°0 for one hour. After the interferometer specimens were ground, the specimens were reheated to 1500 0 C for 1 hour. See Table 1 .
Thermal expansion measurements by General Electric Co.
were made on a Leitz uno dilatometc.r. .Yttria specirnens 't.,rere prefired at 1000 0 C for 2 hours, machined into bnrs, and fired at 1750 0 C for four hours in hydrogen. The bars had a density of 4.67 gm./cm~ '(92.8% theoretical based on 5.03 gm./cm~).,
The curve of Figure 1 is plotted from the curve of thermal expansion. The coefficients given in Table 1 were calculated from data from a thermal expansion curve. The study of thermal expansion of scandia by Brown and
Kirchner (23) was also by X-ray diffraction. The curve in Figure 2 was calculated from lattice constant versus temperature data for scandia which was greater than 99% pure. Brown and
Kirchner estimated the maximum error in thermal expansion coefficient measurement to be 0.17 X 10-6 for the interval 2S to 1000 0 C and 0.14 X 10-6 from 2S to 1200°0.
A summary of coefficients of expansion of scandia at selected temperatures as determined by these two authors is given in Table 2 . . Ie °c l.n. l.n.
• The curve of Figure 3 was drawn from a thermal expansion curve given by Ploetz ~~. They neglected to
give the units on the expansion axis, but units w'ere assumed on the basis of the thermal expansion coefficients given.
Thermal expansion coefficients for monoclinic gadolinia are given in Table 3 .
The thermal expansion of cubic gadolinia has been measured by Stecura and Campbell (12) by high-temperature X-ray diffraction. The sample was 99.9% pure with respect to rare earth content. It tvas sintered at 1150 0 0 for 24 hours, then resinte.red at the same temperature for 12 hours. The specimen was held at 1310 0 0, the maximum temperature of' expansion measurements, for approximately one-half hour, but remained cubic. The curve in Figure 3 was plotted from thermal expansion data. The coefficients of thermal expansion are given in Table 4 . The support block was fastened firmly to a 1 in. brass plate. The plate was supported by a table which also supported the Kanthal A-1 wound tube furnace. The furnace 'tolas mounted so that it could be lowered a't~ay from the dilatometer to facilitate changing specimens. The furnace resistance was 10 ohms.
The tube was 7/8 in. inside diameter and closed at the bottom with a refractory plug. The heating rate of less than .soC per minute 't.,ras obtained by using a powerstat driven by an electric motor.
Calibration of Dilatometer
The dilatometer used in this study did not measure the absolute thermal expansion of the specimen, but instead, a difference between the expansion of the specimen and that of the sapphire rods. Ideally, if a specimen of sapphire of the same orientation as the support rods was used as a specimen, no extension would be detected by the transducer. However, there were conditions in the dilatometer which caused the transducer . to register a displacement. The most obvious cause of the displacement was a difference in thermal gradients of the support rods and the push rod. The support rods made firm contact with the thick brass plate, while the push rod touched only the end of the transducer plunger. Therefore, it was necessary to calibrate the dilatometer before accurate thermal a~ansion measurements could be made. A 1.000 in. specimen of Linde synthetic sapphire rod 1/8 in. in diameter was used for the calibration of the dilatometer.
According to the manufacturer, the orientation of the rod 't"as Spectographic analyses of the three oxides are given in Table 5 .
A semi-quantitative analysis was made for those elements for which the Ames Laboratory Spectrographic Group had standards.
Other elements are reported only on a qualitative basis. The major impurities were tantalum and calcium in yttria, tantalum in scandia. and europium in gadolinia.
Prismatic bars were made by pressing the powders in a steel die to 1000 psi. The bars were inverted and repressed to 1200
psi. The inversion of specimens was to prevent warpage when the specimens 'tvere pressed to 50.000 psi in an isostatic press. '·lith the exception of two bars t the bars were fired at the desired temperature in an electrical resistance furnace in air or in a graphite induction furnace under reducing conditions.
One specimen was fired in a vacuum resistance furnace and one was hot pressed in a graphite die at 3300 psi. Specimens which were fired in the graphite induction furnace and hot press were refired at 1300° to 1400 0 C for several hours to remove carbon l-lhich collected on the specimens during firing and to reoxidize the specimens if any reduction had occurred.
The bars l-lere' ground to 1.000 :t 0.001 in. on a grinding wheel using 180 mesh silicon carbide paper. During the grinding, the length of each specimen was measured frequently with micrometer calipers to assure that its ends were flat and parallel. Specimens were about 1/8 in. by 1/4 in. in cross section. X-ray diffraction analysis ''las made on each gadolinia specimen before and after thermal expansion measurements to assure that the crystallographic form had not been altered.
Density measurements were made by water displacement after thermal expansion runs were completed. Only expansion runs which had less than 1 X 10-4 in. final displacement of the transducer plunger after the furnace had cooled were used.
Larger displacements could have been caused by misalignment or sintering of the specimen.
Specimen firing conditions and percent theoretical densities are given in Table 6 . Theoretical densities of yttria, scandia, and cubic gadolinia were calculated as 5.03, 3.84, and 7.62 gm./cm~ respectively. from X-ray data given by Stecura and Campbell (12) . From their X-ray data, Guentert and Mozzi (27) calculated the theoretical density of monoclinic gadolinia to be 8.33 gm./cm~
Measurement of Thermal Expansion
In preparation for making a thermal expansion run, the specimen was placed in a dryer at 110 0 C overnight. The specimen vlaS removed from the drier and allowed to cool for about 15 minutes while the electrical equipment was warming up. The furnace was lowered away from the dilatometer assembly and the bottom end of the sapphire push rod was grasped with tweezers and lifted against the spring load in the transducer plunger.
The old specimen ll7aS removed and the nevI one \'18S centered on the base plate. The push rod was low'ered to make firm contact with the top of the specimen. The furnace was then lifted to surround the dilatometer assembly. Visual inspection of the furnaoe from the bottom assured that the furnace tube did not touch the dilatometer assembly.
The electrical zeroing device of the amplifier-indicator was adjusted so the pen of the displacement recorder was at the desired starting point. Tne furnace power and the chart drives of the displacement and temperature recorders were started simultaneously. All measurements were then made automatically.
lVhen the desired temperature ~las reached, the furnace. was shut off and allowed to cool overnight.
The next day, after warming up the equipment, the final displacement of the specimen \Vas recorded. Only runs "vi th final displacement of less than 0.0001 in. were used. The displacement was corrected with the electrical zeroing device on the amplifier-indicator and the second run made in the same 'l:vay as the first.
The temperature and displacement recorder traces were combined by plotting displacement versus temperature at half hour intervals. All data curves so obtained for one specimen were.
plotted on a graph and a visual average was taken. The. average data curve. was then added graphically to the calibration curve.
to give. the. expansion of the specimen as is shown in Figure S for specimen Gd203-4. The values in Table 11 OVer-all coefficients of linear thermal expansion from 25 0 e to selected temperatures are given in Table 12 . These values were obtained by dividing the average expansion at each temperature, t, by t -25. Table 14 . 
SUMMARY
Linear thermal expansion measurements of the sesquioxides of yttrium, scandium, and gadolinium were made· from room temperature to above 1100°0 with a sapphire-rod dilatometer.
Expansion measurements were made on both the monoclinic and cubic crystallographic forms of gadolinia. The over-all coefficients of linear thermal expansion from 25° to 1100°0 were found to be 7.93 X 10-6 in./in.oe for yttria, 8.54 X 10-6
in./in.oe for scandia, 9.49 X 10-6 in./in.Oe for monoclinic gadolinia, and 7.61 X 10-6 in./in.oe for cubic gadolinia.
Expansion measurements compared favorably with those of other authors.
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